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Abstract ZnO nanowires with both good crystallinity
and oxygen vacancies defects were synthesized by thermal
oxidation of Zn substrate pretreated in concentrated sul-
furic acid under the air atmosphere, Ar- and air-mixed gas
stream. The photoluminescence spectra reveal that only
near-band-edge (NBE) emission peak was observed for the
sample grown in the air atmosphere; the broad blue—green
and the red-shifted NBE emission peaks were observed for
the sample grown in the mixed gas stream, indicating that
the sample grown in the mixed gas stream has a defective
structure and its optical properties can be modulated by
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controlling its structure. The high-resolution transmission
electron microscope and the corresponding structural sim-
ulation confirm that the oxygen vacancies exist in the
crystal of the nanowires grown in the mixed gas stream.
The ZnO nanowires with oxygen vacancies defects exhibit
better photocatalytic activity than the nanowires with good
crystallinity. The photocatalytic process obeys the rules of
first-order Kkinetic reaction, and the rate constants were
calculated.
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Introduction

Nanostructured ZnO has been the source of great scientific
interest, toward both the understanding and exploitation of
its intrinsic properties and the performance in optoelec-
tronic applications due to its direct wide band gap of
3.35 eV at 300 K and the high exciton binding energy of
60 meV [1]. Consequently, fabricating ZnO nanostructures
with different sizes and morphologies is of great impor-
tance for fundamental research and the development of
novel devices. To date, various ZnO nanostructures have
been successfully synthesized, including quantum dots,
nanorods, nanowires, nanobelts, nanorings, nanocups,
nanodisks, nanoflowers, nanonails, nanospheres, and hier-
archical nanostructures [2-8]. Among them, ZnO nano-
wires have attracted intensive research interest and have
been emerging as promising candidates for short-band
semiconductor laser devices and visible photoelectronics
devices such as room temperature lasers, light-emitting
diodes, ultraviolet (UV) detectors, field-emission displays,
photonic crystals, and solar cells [1, 9].
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However, various defects often exist in ZnO nanowires
and these defects can affect the electrical and optical
properties [10]. For example, ZnO nanowires with oxygen
vacancies exhibit photocatalytic activity [11]. So far, there
is still controversy of whether the oxygen vacancies or
other native defects affect the properties of ZnO nanowires
[12-14]. As for the photoluminescence (PL) property of
ZnO nanowires, two PL peaks can be observed, one in the
range of UV region, the other in the visible region (usually
broad blue—green peaks). The UV emission originated from
the excitonic recombination corresponding to the near-
band-edge (NBE) emission [4], the visible luminescence, is
generally referred to deep level (DL) emission; it is now
quite generally accepted that the blue—green luminescence
in ZnO arises from a radiative recombination involving an
intrinsic defect, which is believed to be due to one or more
of the following native defects: zinc vacancy (Vz,), oxygen
vacancy (Vp), zinc interstitial (Zn;), oxygen interstitial
(Oy), or antisite oxygen (Oz,) [11, 15-17]. However, there
is no satisfactory consensus due to the complexity of the
detailed microstructure of ZnO. Different hypotheses were
proposed to explain the origin of DL emission; the com-
monly cited reason is that the recombination of a photo-
generated hole with an electron occupying the oxygen
vacancy [18]. It proved that high-resolution transmission
electron microscopy (HRTEM) with structure simulation is
a powerful technique for investigating microstructure of
nanowires, so do the defects in ZnO nanowires. However,
to our best knowledge, previous studies did not associate
HRTEM results with PL properties, which can provide
favorable evidence of microstructure for origin of DL
emission.

To date, there have been considerable efforts directed at
the vapor-based routes to prepare and fabricate ZnO
nanowires such as chemical vapor deposition [19, 20],
thermal evaporation [21-24], vapor-liquid-solid (VLS)
growth [25], and thermal oxidation [26-33]. The parame-
ters of fabrication such as composition of the source
materials, vacuum pressure, and growth ambient, reaction
temperature, substrate could drastically influence the
morphology and properties of grown ZnO nanowires.
However, the fabrication of ZnO nanowires with large
volume of oxygen vacancies often confronts the problems
of tedious operation procedures [9, 20, 21, 24, 26, 30].

Here we report the facile and controllable growth of
ZnO nanowires with large volume of oxygen vacancies by
thermal oxidation of the zinc substrate, which had been
treated in concentrated sulfuric acid under different oxy-
gen-containing atmospheres. Porous ZnO film was formed
on zinc substrate by being passivated in concentrated sul-
furic acid. The porous ZnO film can be used as a “hard
template” to confine the growth of ZnO nanowires along
one dimension. The relation between PL properties and
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crystal defects of ZnO nanowires was discussed. Further-
more, the correlation of the oxygen content with the crystal
defects of the nanowire was investigated by HRTEM and
its structure simulation. In addition, the difference in
photocatalytic properties owing to crystal defects was
observed. These results support that the blue light emission
of ZnO nanowires originates from oxygen vacancies and
that its optical properties can be modulated by controlling
the oxygen vacancies.

Experimental
Synthesis of ZnO Nanowires

A zinc foil (99.98%) was used as the substrate for the
growth of ZnO nanowires. After being polished and
washed by dilute hydrochloric acid and de-ionized water,
the zinc foil was put into concentrated sulfuric acid (98%)
and passivated for 6 h to form a porous oxide film. The
annealing temperature was increased to 500 °C at a rate of
10 °C/min and held at this higher temperature for 5 h and
cooled down naturally. Two different atmospheres were
chosen: the air atmosphere and the mixed gas stream (5%
air, 95% Ar) at a total flow rate of 80 standard cubic
centimeters per minute (sccm); the dark gray compacted
thin film and white powder were obtained at the corre-
sponding atmosphere.

Structural Characterization

The morphology of all the samples was observed by a field-
emission scanning electron microscope (FE-SEM, JSM
6330F, JEOL). The crystal structure was determined by a
transmission electron microscope (TEM, JEM 2010HR,
JEOL) with an Oxford Energy dispersive X-ray spec-
trometer (EDS) and the X-ray diffractometer (XRD, PW
1830, Philips).

Optical Characterization

The dispersion solutions containing ZnO nanowires of
different sizes were obtained as follows [34]. White pow-
ders (ZnO nanowires grown in the mixed gas stream) were
dispersed in dimethylformamide (DMF, spectrum grade),
sonicated for 1 h, and the sediment was collected after 8 h
subsidence. The remaining dispersion system was resoni-
cated for 1 h, subsided for 30 h, and then the sediment was
separated from the solution. Finally, this procedure was
repeated, but the sediment was obtained after 60 h subsi-
dence. The last remaining dispersion was named as residual
dispersion, and the sediments were sequently marked as
sediment-1,-2 and -3. The dark gray compacted thin film
(grown in air atmosphere) was also dispersed in DMF,
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which is different from white powder in that it was only
sonicated for 1 h, and subsided for 15 h, and then the
sediment was obtained after 15 h subsidence. These sedi-
ments were dispersed in DMF again, sonicated for 15 min,
and the PL measurement was performed at room temper-
ature using the 325 nm line of Xe lamp (PL, RF-5301,
Shimadzu).

Photocatalytic activity experiments: The quartz reactor
was an orbicular tube filled with 160 mL 15 mg/L methyl
orange (MO) aqueous solution and 60 mg ZnO nanowires.
The UV lamp (6 W) was placed in the center of the tube
and surrounded by the reactor. Prior to irradiation, the
solution was sonicated for 30 min and then stirred in the
dark for 30 min to establish absorption—desorption equi-
librium. The reactive mixture was stirred under UV irra-
diation. The mixture was sampled at different times and
centrifuged for 5 min to discard any sediment. The analysis
of the solution was performed with a UV-Vis spectro-
photometer (UV-Vis UV-2501PC, Shimadzu).

Results and Discussion

Figure 1 presents the XRD pattern of the sample. The
diffraction peaks (100), (002), (101), (102), (110), (103),
and (112) are exactly indexed to the hexagonal ZnO phase
(JCPDS 65-3411). The peaks (101) and (201) were caused
by the Zn substrate. EDS analysis showed that only zinc
and oxygen elements were found, indicating that the
product is pure.

Figure 2 shows the typical FE-SEM image of the ZnO
nanowires. Figure 2a depicts the morphology of the
nanowires grown at 500 °C for 5 h in the air atmosphere.
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Fig. 1 XRD pattern of the sample obtained by thermal oxidation,
500 °C, 5 h, the air atmosphere

500 nm

Fig. 2 Typical low- and high-magnification (inset) SEM images of
ZnO nanowires grown at 500 °C in different atmosphere for 5 h. a
Air atmosphere; b the mixed gas stream

The surface of the annealed sample was compactly covered
with dense ZnO nanowires. The prepared ZnO nanowires
are straight with a sharp tip. However, it can also be seen
that the diameter of the single ZnO nanowires is not uni-
form, from root to tip and that the diameter is successively
increased in the nanosize dimension. The length of ZnO
nanowires varies from several micrometers to over ten
micrometers. The diameter of the nanowires ranges from
20 to 80 nm, the average diameter being 50 nm (from inset
in the Fig. 2a).

Figure 2b depicts the typical morphology of the nano-
wires grown at 500 °C for 5 h in the mixed gas stream. As
shown in the Fig. 2b, the white powder consists of a large
quantity of entangled and curved nanowires. Otherwise, the
length of ZnO nanowires is so long, which is over several
ten micrometers and the diameter of ZnO nanowires is
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about 30 nm, which is quite different from the nanowires
grown in the air atmosphere by comparing with Fig. 2a, b.
On the other hand, the oxygen content can also affects the
shape of the nanowires.

In our experiments, we found that only a few and short
nanowires can grow on the untreated Zn substrate. The
SEM image showed that porous ZnO film formed on the
surface of Zn substrate after being treated in concentrated
sulfuric acid [35]. Thus, the Zn atoms in the holes were
oxidized, and ZnO nanowires grew from the holes, which
can be used as a “hard template”.

Figure 3 shows the room-temperature PL spectra of the
ZnO nanowires excited at 325 nm. Figure 3a is the PL
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Fig. 3 The room-temperature PL spectra of ZnO nanowires. a Grown
in air atmosphere; b grown in the mixed gas stream. The samples
were dispersed in DMF, sonicated for 1 h, and the sediment-1 was
collected after 8 h subsidence. The remaining dispersion system
was resonicated for 1 h, subsided for 30 h, and then the sediment-2
was separated. This procedure was repeated, the sediment-3 was
obtained after 60 h subsidence. The last remaining dispersion was
named as residual dispersion. These sediments were dispersed in
DMF again, sonicated for 15 min, and the PL measurement was
performed at room temperature
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spectra of the nanowires grown in the air atmosphere and
Fig. 3b is the PL spectra of the samples grown in the mixed
gas stream.

From Fig. 3a, it can be observed that the spectra show
strong and sharp UV emission peak positioned at 381 nm.
It had been demonstrated that the optical properties of
semiconductor materials are related to both intrinsic and
extrinsic effects. Intrinsic optical effects via the transition
take place between the electrons in the conduction band
and holes in the valence band, including excitonic effects.
Excitons are classified into free excitons [FX] and bound
excitons [BX]. Extrinsic effects are related to dopants or
native defects. Generally, excitons are prone to bound to
donors and acceptors [36]. So the UV emission peak at
room temperature is well understood as NBE emission
caused by FX and BX recombination, etc., which can be
distinguished in low-temperature PL spectra [37-40].
Otherwise, a variety of DL defects, such as oxygen, zinc
vacancies, and interstitials have been proposed as possible
contributors to the visible emission. Thus, no DL emission
peaks were found in Fig. 3a. It can be demonstrated that
the nanowires grown in air atmosphere should have good
crystallinity.

From Fig. 3b, it can be seen that the spectra show very
weak UV emission peaks and strong broad blue—green
emission peaks, and with the decrease in the nanowires
diameter, the red-shift of the UV emission peaks (386, 389,
392, and 399 nm) were observed, while the blue—green
peaks almost have the same position at 486 nm around. As
mentioned above, the blue—green emission peaks origi-
nated from the intrinsic defects in undoped ZnO nanowires
and the possible defects included Vz,, Vo, Zn;, O;, and
Oz,. These defects, especially Vg, [41] and Vg [42], have
been proposed as carriers of the blue—green emission, but
different opinions on the effect of these factors still exist.
The question arises as to what kind of defect is the origin of
the broad blue—green peak. It can be noticed that the origin
of broad blue-green peak is related to annealing atmo-
sphere because there is no DL emission peak in Fig. 3a.
Compared with the air atmosphere, the mixed gas stream is
oxygen deficient. Thus, the origin of broadblue—green peak
is likely to be Vo and Zn; which are prone to be formed in
oxygen-deficient condition [17]. However, it was reported
that the DL emission of Zn; and Vo was located in red
(~600 nm) and green (~500 nm) regions, respectively
[43]. Therefore, we can conclude that the blue—green
emission peaks were caused by the defects of oxygen
vacancies. Thus, in this work, the UV emission is ascribed
to ultraviolet excitonic recombination of the NBE transi-
tion, and the broad blue—green band emission (DL
emission) can be explained as the radial recombination
of photo-generated hole with the electron occupying the
oxygen vacancy [18].
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On the other hand, as for the Einstein shift of the UV
emission peaks with the decrease in the nanowires diam-
eter, it is determined by two contrary factors: BX recom-
bination and quantum confinement effect caused by FX
recombination [44]. It was reported that increasing the
amount of BX can result in the red-shift of the NBE peak
position [44]. However, in this case, the quantum con-
finement effect can be ruled out. Because the Bohr radius
of ZnO is only about 2 nm [45], it is not likely that the ZnO
nanowires with diameter of 30 nm will change the band
gap due to quantum confinement. Therefore, red-shift of
the NBE peak position can be ascribed to bound exciton
emission. And by decreasing the diameter, the ratio of
surface area to volume increased, which can favor a high
level of surface and sub-surface oxygen vacancies [46].
Thus, in this case, the amount of BX increased with the
increase in oxygen vacancies and the UV emission shifted
to longer wavelength.

To sum up, the following phenomena were observed in
the PL experiment: (1) the blue—green emission peaks were
not observed for the samples grown in the air atmosphere;
(2) the peak position of the UV emission shifted to longer
wavelength with the decrease in ZnO nanowires diameter
for the samples grown in Ar- and air-mixed atmosphere.
All these phenomena are in good agreement with each
other and can be reasonably attributed to the defects of
oxygen vacancies of ZnO nanowires.

To verify the crystal structure of ZnO nanowires grown
at different atmospheres, the HRTEM experiments were
carried out. Figure 4a shows a typical TEM image of the
samples grown in the air atmosphere. A fragment of ZnO
nanowire was captured, whose diameter is about 30 nm.
The inset in Fig. 4a shows the select-area electron diffrac-
tion (SAED) pattern taken along [010] zone axis. Sharp and
clear diffraction spots were observed, which indicates that
ZnO nanowires have a quite good single-crystalline struc-
ture. The reflections correspond to (0001), (0002), (1010)
lattice planes of ZnO with hexagonal structure indexed,
which is in good agreement with XRD results. In addition,
the growth direction of ZnO nanowire is along (0001) facet.
The high-resolution TEM (HRTEM) image of the circled
area in Fig. 4a is shown in Fig. 4b. The clear lattice fringe
between (0001) crystal planes and (1010) crystal planes
with d spacing of 0.52 and 0.28 nm, respectively, can be
observed. No obvious crystalline defects in the ZnO nano-
wire were found in the HRTEM image, indicating a good
quality of crystalline structure. The HRTEM image con-
firms the results obtained from SAED.

Figure 5a shows the TEM image of a ZnO nanowire
from the sample grown in Ar and air mixed gas stream. The
diameter of ZnO nanowire is about 40 nm. The SAED
patterns of the circled area in Fig. 5a were taken along
[010] zone axis. The sharp diffraction spots indicate that
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Fig. 4 a TEM image of ZnO nanowire annealed at 500 °C in the air
atmosphere for 5 h, inset shows the SAED pattern of circled area;
b HRTEM image of circled area

the nanowire is single crystalline. The pattern can be
indexed as (1010), (1010) and (0001) lattice planes of ZnO
with hexagonal structure. The growth direction of ZnO
nanowire is along (1010) facet. However, it should be
noticed that the streaks appeared in the SAED pattern
along (0001) facet, as indicated by white arrowheads in
SAED pattern. These streaks may be caused by the sharp
edge of the nanowires or the planar defects along (0001)
direction [47].

Figure 5b presents the HRTEM image of circled area in
Fig. 5a. It can be found that the growth facets of the ZnO
nanowire were (1010) and (0001), and the growth direction
is along (1010) facet. It clearly shows that there are several
sharp-contrast lines, indicating different crystallinity from
the surrounding area, which are caused by the variation in
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Fig. 5 a TEM image of ZnO nanowire annealed at 500 °C for 5 h in
Ar and air mixed gas stream for 5 h, inset shows the SAED pattern of
the circled area in Fig. 5a; b HRTEM image of circled area in
Fig. 5a

the interplanar spacing along the vertical direction corre-
sponding to planar defects. The question arises as to what
kind of planar defect exists in the nanowires. It cannot be
interstitial layer introduced by impurities, because no other
elements were included in the system except atomic Zn and
O and EDS analysis confirmed this deduction.

In order to ascertain the defects, HRTEM simulation
was carried out by using Jems2.1 software. Figure 6a
shows the experimental HRTEM image. The contrast dif-
ference in the circled area shows the existence of some
planar defects, which might arise from the existence of
oxygen vacancies. A structural model of hexagonal ZnO is
shown in Fig. 6b, in which the structure is constituted by
packing of Zn atoms (red) and O atoms (blue) layer by
layer in hexagonal sequence by taking off some oxygen

@ Springer
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atoms along 0001 direction as indicated by arrowhead. It
can be seen that the HRTEM image (Fig. 6¢) matches the
simulation image (inset in Fig. 6¢) very well. Therefore, it
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<« Fig. 6 a HRTEM images of ZnO nanowire annealed in the mixed gas

stream (Ar and air); b The defective structural model of hexagonal
ZnO where the oxygen ions are taking off as shown by arrowheads.
The simulation was for 200 kV electrons, Cs = 1.6 nm, the defocus is
—107 nm and the thickness is 1.9 nm; ¢ Enlarged HRTEM image and
the inset obtained by the simulation

can be concluded that the planar defect was caused by
oxygen vacancies. The structure characterization is in
closely accord with the deduction from PL spectra. The
nanowires grown in the mixed gas stream have intrinsic
defects, which are ascertained as O vacancies, and the
nanowires grown in the air atmosphere have a good crys-
tallinity. The above results reveal that ZnO nanowires with
different structures or defects will show different PL per-
formance. Therefore, it is possible to modulate their optical
properties by varying their structures or intrinsic defects
structure through different synthesizing methods.

It has been well reported that ZnO is an important
photocatalyst. Therefore, methyl orange (MO) was
employed to investigate the photocatalytic degradation of
the organic dyes by the ZnO nanowires grown in different
atmospheres. Figure 7 presents the degradation rate curves
of MO, where c is the residual concentration of MO after
irradiation and cg is the initial concentration before irra-
diation. It can be seen that the degradation rate significantly
decreased to 12.8% after UV irradiation for 30 min and 2%
on prolonging the irradiation time to 60 min for catalyst of
ZnO nanowires grown in the mixed gas stream. However,
it needed the irradiation time of 30 min to decompose the
MO to 26.5% for nanowires grown in the air atmosphere.
On the other hand, the plots of In(c/cy) versus time suggest
that the photodecomposition reaction follows the first-order
rate law. The calculated rate constant is 1.0 x 107> s~
with the photocatalyst of ZnO nanowires grown in the
mixed gas stream, 8.2 x 107* s7! with ZnO nanowires.
So, the photocatalytic activity of ZnO nanowires (grown in
the mixed gas stream) is higher than that of the ZnO

10 V¥ ZnO nanowires (mixed gas stream)

B ZnO nanowires (ambient air)

0.8 4

0.6 1

cic,

0.4 4

0.2 4

0.0 4

0 10 20 30 40 50 60
Time (min)

Fig. 7 Curves of the degradation rate of MO and UV irradiation time
with the photocatalyst of the ZnO nanowires grown in different
atmospheres

nanowires (grown in air atmosphere). The photocatalytic
process of ZnO can be interpreted by energy band theory of
semiconductor [11]. When the photo energy of UV light
exceeds or is equal to the band gap of ZnO crystal, some
electrons in the valence band (VB) can be excited to the
conduction band (CB) to form the photo-generated elec-
trons in the CB and the same amount of holes in the VB.
The holes in the VB are prone to react with surface
hydroxyl groups and H,O to form hydroxyl radicals (-OH),
which can partly or completely mineralize the organic
chemicals. In the meanwhile, photo-generated electrons in
the VB can easily react with the O, to form -O, radical
groups. In this experiment, the ZnO nanowires grown in
the mixed gas stream contain large amounts of O vacan-
cies, which can be recognized as electron donor. These
donors can produce some excess electrons in the CB and
some additional holes in the VB, which can generate more
radical and further improve the photocatalytic property.
Therefore, ZnO nanowires grown in the mixed gas stream
exhibit better activity than ZnO nanowires grown in air
atmosphere.

Conclusion

ZnO nanowires with both good crystallinity and oxygen
vacancies defects have been synthesized by thermal oxi-
dation of Zn substrate pretreated in concentrated sulfuric
acid under the air atmosphere and mixed gas stream (Ar
and air), respectively. The PL spectra reveal that only NBE
emission peak was observed for the sample grown in the air
atmosphere because of its good crystallinity, while the
blue—green emission peak was ascribed to oxygen vacan-
cies and their size-dependent Einstein shift was due to
bound exciton emission for the samples grown in the mixed
gas stream. The HRTEM results and structural simulation
confirm that the oxygen vacancies exist in the crystal of
the nanowires grown in the mixed gas stream. Therefore,
the difference in the above PL spectra is determined by the
oxygen vacancies defects in the crystal of ZnO nanowires
and their optical properties can be modulated by control-
ling their crystal structure. The ZnO nanowires grown in
the mixed gas stream exhibit better photocatalytic activity
than the ZnO nanowires grown in air atmosphere due to the
abundant oxygen vacancies too. The photocatalytic deg-
radation of MO obeys the rules of the first-order kinetic
reaction and the rate constants were calculated.
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